To divide, control, and predict the effects of the coagulation process in water treatment, a characteristic analysis of the change in particle size distribution (particle number and fractal dimension) during aided coagulation with hydrated MnO 2 was performed. The results showed that the process of coagulation could be divided into three characteristic stages based on the first derivative of the particle size fractal dimension. In the primary stage, most of the microflocs aggregated to form small flocs; in the growth stage, most of the small flocs aggregated to form large flocs; and in the stable stage, some large flocs broke apart and reformed. The first derivative of the particle size fractal dimension had a good linear relationship with the coagulation time in the primary stage and growth stage, and its slope had a power function relationship with the particle number in settled water; the first derivative could thus be used to evaluate the coagulation effect. In the stable stage, the rate of change in particle size fractal dimension fluctuated along the fitted line, and the mean residual sum of squares had a linear relation with the particle number in settled water; therefore, this parameter could be used as an indicator of the coagulation effect.
Introduction
The main removal targets of water treatment and wastewater treatment are suspended matter and dissolved contaminants. Although significant research efforts have recently been made to develop novel advanced water treatment processes for dissolved contaminant removal [1, 2] , suspended matter remains as the primary target for normal water treatment facilities. The core units of normal water treatment process are coagulation, sedimentation, and filtration. Coagulation is considered as the major treatment unit used to improve overall treatment efficiency for water treatment. The particle size, effective density, and structure of flocs formed in coagulation have important effects on the following sedimentation and filtration process. The method, including optimizing the hydraulic condition, adjusting the dosage of flocculant, and adding coagulant-aid, is used in order to improve the efficiency of coagulation.
Most microflocs (diameter <5 µm) are difficult to remove via coagulation and sedimentation in water treatment processes, and most of the flocs in filtered water are microflocs; consequently, better removal of microflocs in the coagulation process is necessary to improve the quality of settled and filtered water [3, 4] . Liang et al. [5] and Liu et al. [6] found that the addition of a small amount of potassium permanganate (KMnO 4 ) to the coagulation process significantly improved the outcome; the floc growth was accelerated and larger flocs formed, thus more microflocs were removed. In the mechanism of aided coagulation, hydrated manganese dioxide (MnO 2 ), formed from the reduction of All reagents were of analytical (AR) grade. Kaolin clay, polyaluminum chloride (PAC), manganese sulfate (MnSO4), and potassium permanganate (KMnO4) were obtained from Kemiou, Tianjin, China.
Normally, the turbidity of raw water from surface water is in the range from 70 to 120 nephelometric turbidity unit (NTU) in the north China plain where Tianjin lies, such as in the works of [21, 22] . The turbidity of test water in this study was designed accordingly to be around 100 NTU. Kaolin clay was used in the test water. A total of 1.80 g of the kaolin clay was dispersed in 1 L of tap water, which was equilibrated for 24 h before used, and mixed by a magnetic stirrer at 1000 rpm for 60 min. After the period of high-speed stirring, the suspension was allowed to stand overnight in an l L jar to obtain the stock suspension. For the coagulation tests, the stock suspension was diluted with tap water in the cubic tank to obtain a test water sample with a kaolin clay concentration of 100 mg·L −1 , corresponding to a turbidity of approximately 100 NTU.
PAC was selected as the coagulant, and a solution of PAC was prepared at a mass concentration of 1%. The solution was kept at 5 °C in a refrigerator and replaced every two weeks.
KMnO4 and MnSO4 were used as raw materials to prepare hydrated MnO2 as the coagulant aid. The reaction equation is as follows:
2KMnO4 + 3MnSO4 + 2H2O = 5MnO2↓ + K2SO4 + 2H2SO4 In the experiment, the KMnO4 and MnSO4 solutions were poured into the reactor under an amount of substance ratio of 2:3. The hydrated MnO2 dosages, which were calculated and described with respect to the elemental content of manganese, were in the range from 1.1 to 4.4 mg·L −1 . At the beginning of the coagulation process, pH values of the test water treated with different MnO2 dosages were in the range from 6.3 to 6.5, detected by a PHS-3CW pH meter (Lei-ci, Shanghai, China).
Procedure and Method
The test water in the cubic tank was mixed at a speed of 800 r·min −1 until the data shown on the particle counter were stable. Then, PAC and hydrated MnO2 were added at the same time; the water was mixed immediately at a speed of 400 r·min −1 for 30 s, and then mixed at a speed of 80 r·min −1 for an additional 27 min (as a coagulation process), after which the mixture was precipitated for 30 min (as a sedimentation process). Finally, the settled water was obtained from the supernatant in the cubic tank. The particle counts were detected in the whole coagulation process by an online particle counter and were recorded every 10 s. The particle counts of settled water were also detected and used to evaluate the coagulation effect [23] . All reagents were of analytical (AR) grade. Kaolin clay, polyaluminum chloride (PAC), manganese sulfate (MnSO 4 ), and potassium permanganate (KMnO 4 ) were obtained from Kemiou, Tianjin, China.
PAC was selected as the coagulant, and a solution of PAC was prepared at a mass concentration of 1%. The solution was kept at 5 • C in a refrigerator and replaced every two weeks.
KMnO 4 and MnSO 4 were used as raw materials to prepare hydrated MnO 2 as the coagulant aid. The reaction equation is as follows: SO 4 In the experiment, the KMnO 4 and MnSO 4 solutions were poured into the reactor under an amount of substance ratio of 2:3. The hydrated MnO 2 dosages, which were calculated and described with respect to the elemental content of manganese, were in the range from 1.1 to 4.4 mg·L −1 . At the beginning of the coagulation process, pH values of the test water treated with different MnO 2 dosages were in the range from 6.3 to 6.5, detected by a PHS-3CW pH meter (Lei-ci, Shanghai, China).
The test water in the cubic tank was mixed at a speed of 800 r·min −1 until the data shown on the particle counter were stable. Then, PAC and hydrated MnO 2 were added at the same time; the water was mixed immediately at a speed of 400 r·min −1 for 30 s, and then mixed at a speed of 80 r·min −1 for an additional 27 min (as a coagulation process), after which the mixture was precipitated for 30 min (as a sedimentation process). Finally, the settled water was obtained from the supernatant in the cubic tank. The particle counts were detected in the whole coagulation process by an online particle counter and were recorded every 10 s. The particle counts of settled water were also detected and used to evaluate the coagulation effect [23] .
To obtain the particle size distribution during the coagulation process, the output data of the particle counter were divided into seven channels. The division of the output data is shown in Table 1 . Fractal dimension was used to describe the particle size distribution during the coagulation process in this paper. Logan's results showed that particle size distribution has a fractal structure [24] . According to the fractal theory, there is a positive correlation with ρ(r) and r Df , as shown in Equation (1):
ρ(r): total measured number of particles of size < r in t min, mL −1 ; r: radius of flocs, µm; Df : particle size fractal dimension of flocs at t min in the coagulation process. In this study, the particle size fractal dimension of flocs was calculated using a log-log plot of ρ(r) and r. The slope of the fitted line was the particle size fractal dimension.
Results and Discussion

Coagulation Effect Measured by the Quality of the Settled Water
The coagulation effect was measured by the quality of the settled water. The better the coagulation effect, the lower the particle number in settled water. Three repeated experiments were carried out with each MnO 2 dosage, and the particle number in the settled water was obtained by calculating an average value. The particle number of all measurable flocs (diameter 2~600 µm) and microflocs (diameter 2~5 µm) in settled water treated with hydrated MnO 2 is shown in Figure 2 . The number of all measurable flocs and microflocs initially decreased with increasing MnO 2 dosage, reached a minimum level when the MnO 2 dosage was 2.75 mg·L −1 , and then increased with increasing MnO 2 dosage. The results showed that an appropriate MnO 2 dosage in the range from 1.65 to 2.75 mg·L −1 could clearly enhance the coagulation effect, especially for the removal of microflocs.
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Coagulation Effect Measured by the Quality of the Settled Water
The coagulation effect was measured by the quality of the settled water. The better the coagulation effect, the lower the particle number in settled water. Three repeated experiments were carried out with each MnO2 dosage, and the particle number in the settled water was obtained by calculating an average value. The particle number of all measurable flocs (diameter 2~600 μm) and microflocs (diameter 2~5 μm) in settled water treated with hydrated MnO2 is shown in Figure 2 . The number of all measurable flocs and microflocs initially decreased with increasing MnO2 dosage, reached a minimum level when the MnO2 dosage was 2.75 mg·L −1 , and then increased with increasing MnO2 dosage. The results showed that an appropriate MnO2 dosage in the range from 1.65 to 2.75 mg·L −1 could clearly enhance the coagulation effect, especially for the removal of microflocs. 
Change in Particle Size Distribution during Coagulation
Particle Number
The change in the number of flocs with different diameters as a function of coagulation time is shown in Figure 3 . As shown in Figure 3a , the number of flocs with a diameter of 2~3 µm decreased with increasing coagulation time, but the trend slowed down gradually. At the beginning of the coagulation process, the number of 2~3 µm diameter flocs was the highest. Under the action of Brownian motion and orthokinetic coagulation [25] , these flocs agglomerated to form larger flocs or were captured by larger flocs, which caused the particle number to decrease rapidly. The probability of collision between flocs then decreased with a decreasing number of particles in the container, and the probability of aggregation and capture of the flocs decreased gradually, which caused the rate of decrease to slow down.
As shown in Figure 3b -e, the number of 3~4 µm, 4~5 µm, 5~6 µm, and 6~7 µm diameter flocs increased at the beginning of the coagulation process and then fell after reaching a maximum value. The bigger the particle size, the later the particle number reached the maximum value, which indicated that floc growth was a continuous process from small to large sizes [26] . In addition, the MnO 2 dosage had a clear influence on the change in particle number. The number of particles reached a maximum level most rapidly at a MnO 2 dosage of 2.75 mg·L −1 , followed by that at a dosage of 1.65 mg·L −1 , and finally by that in the absence of additives.
The change in the number of 7~8 µm and 8~600 µm diameter flocs with coagulation time is shown in Figure 3f ,g. The curves of these two flocs both showed an initial increase and then decrease. The increases in the curves showed that more large flocs were formed, and the decreases in the curves showed that the large flocs settled when their effective density reached the limit of precipitation at the end of the coagulation process. In addition, fluctuations in the curve were obvious during the decreasing stage for 8~600 µm diameter flocs. This phenomenon was an embodiment of the breakage and reformation of the large flocs at the end of the coagulation process [27] [28] [29] .
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Coagulation Process Division Based on the Rate of Change in the Particle Size Fractal Dimension
Division of Coagulation Process
To more accurately analyze the change in the particle size distribution with coagulation time, the rate of change in the particle size fractal dimension, described by its first derivative, was analyzed as a function of coagulation time, as shown in Figure 5 . Comparing the four sets of data, the aided 
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The particle size fractal dimension was used to describe the change in the particle size distribution during the coagulation process. The particle size fractal dimension as a function of coagulation time is shown in Figure 4 . 
Coagulation Process Division Based on the Rate of Change in the Particle Size Fractal Dimension
Division of Coagulation Process
To more accurately analyze the change in the particle size distribution with coagulation time, the rate of change in the particle size fractal dimension, described by its first derivative, was analyzed as a function of coagulation time, as shown in Figure 5 . Comparing the four sets of data, the aided The particle size fractal dimension first increased and then decreased with increasing coagulation time. The increases in the curves indicated that the particle size distribution became broader, and the decreases in the curves indicated that the particle size distribution became narrower [30] . At the beginning of the coagulation process, as the number of microflocs decreased quickly and the number of flocs with different diameters increased, the particle size fractal dimension continued to increase until reaching a maximum. Then, the number of flocs with different diameters declined, and sedimentable large flocs tended to form, which caused the particle size fractal dimension to gradually decrease until the end of coagulation.
Coagulation Process Division Based on the Rate of Change in the Particle Size Fractal Dimension
Division of Coagulation Process
To more accurately analyze the change in the particle size distribution with coagulation time, the rate of change in the particle size fractal dimension, described by its first derivative, was analyzed as a function of coagulation time, as shown in Figure 5 . Comparing the four sets of data, the aided coagulation with hydrated MnO 2 at dosages of 0.55~3.85 mg·L −1 could be divided into three stages based on the first derivative of the particle size fractal dimension, and all three stages have their own characteristics. Taking the coagulation process at the MnO 2 dosage of 1.65 mg·L −1 as an example, as shown in Figure 5b , in the first 6.60 min, the first derivative of the particle size fractal dimension linearly increased from 0 to the maximum value. In the next stage (6.60~15.77 min), the first derivative decreased from the maximum value to a minimum value, and its value also changed from positive to negative. In the last stage (15.77~27.50 min), the first derivative was still negative, but it increased and varied slightly.
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In the third stage (15.77~27.50 min), the number of 2~3 μm diameter flocs showed a trace increase, as the large flocs released some microflocs that were not firmly adsorbed on the periphery. The number of 3~4 μm, 4~5 μm, 5~6 μm, 6~7 μm, and 7~8 μm diameter flocs decreased with increasing coagulation time. The number of 8~600 μm diameter flocs first increased and then decreased slowly after reaching the maximum value. The curves of the 7~8 μm and 8~600 μm diameter flocs had relatively clear variations during the third stage, which corresponded to the breakage and reformation of large flocs. These phenomena indicated that microflocs and transitional flocs still continuously agglomerated to form large flocs in this stage. Meanwhile, some large flocs constantly broke apart and reformed to generate a more compact structure as a result of the water shearing force and mechanical compression. Therefore, the last stage of the coagulation process could be described as a stable growth stage of large flocs, referred to as the "stable stage".
Rate of Change in Particle Size Fractal Dimension
Taking the coagulation process at the MnO2 dosage of 1.65 mg·L −1 as an example, the linear fits of the first derivative of the particle size fractal dimension with coagulation time in the different stages are shown in Figure 7 . In the second stage (6.60~15.77 min), the number of 2~3 µm diameter flocs continued to decrease, and the number of 3~4 µm and 4~5 µm diameter flocs decreased quickly. The number of 5~6 µm and 6~7 µm diameter flocs first increased and then fell after reaching a maximum value. The number of 7~8 µm diameter flocs continued to increase and reached a maximum value; in contrast, the number of 8~600 µm diameter flocs began to increase slowly. These phenomena indicated that more microflocs aggregated to form small flocs [31] and the number of microflocs reduced quickly. The small flocs were an intermediate in the aggregation of microflocs to form large flocs, so the small flocs could also be called "transitional flocs". In the second stage, the transitional flocs were continuously generated and participated in aggregation to form large flocs. The aggregation of large flocs increased gradually after the concentration of transitional flocs reached a maximum value. Therefore, the second stage of the coagulation process could be described as the growth stage of transitional flocs and large flocs, referred to as the "growth stage".
In the third stage (15.77~27.50 min), the number of 2~3 µm diameter flocs showed a trace increase, as the large flocs released some microflocs that were not firmly adsorbed on the periphery. The number of 3~4 µm, 4~5 µm, 5~6 µm, 6~7 µm, and 7~8 µm diameter flocs decreased with increasing coagulation time. The number of 8~600 µm diameter flocs first increased and then decreased slowly after reaching the maximum value. The curves of the 7~8 µm and 8~600 µm diameter flocs had relatively clear variations during the third stage, which corresponded to the breakage and reformation of large flocs. These phenomena indicated that microflocs and transitional flocs still continuously agglomerated to form large flocs in this stage. Meanwhile, some large flocs constantly broke apart and reformed to generate a more compact structure as a result of the water shearing force and mechanical compression. Therefore, the last stage of the coagulation process could be described as a stable growth stage of large flocs, referred to as the "stable stage".
Taking the coagulation process at the MnO 2 dosage of 1.65 mg·L −1 as an example, the linear fits of the first derivative of the particle size fractal dimension with coagulation time in the different stages are shown in Figure 7 In the primary stage, the first derivative of the fractal dimension linearly increased with increasing coagulation time (R 2 = 0.9882). The fitted slope, a constant, indicates the ratio of the particle size fractal dimension to coagulation time. This parameter can be described as the rate of change in the particle size distribution with coagulation time during the primary stage and is referred to as "D " fP". In the growth stage, the first derivative of the fractal dimension linearly decreased with increasing coagulation time (R 2 = 0.9717). The fitted slope also indicates the ratio of the particle size fractal dimension to coagulation time. This parameter can be described as the rate of change in the particle size distribution with coagulation time during the growth stage and is referred to as "−D " fG ". In the stable stage, there was a certain linear relationship between the first derivative of the fractal dimension and the coagulation time (R 2 = 0.7716). However, the curve obviously fluctuated along the fitted line, which means that the flocs were broken and reformed. The residual sum of squares is usually used to describe the relationship between the curve and the fitted line. To evaluate the volatility of the stable stage, the mean residual sum of squares (WRSS) was used to describe the amplitude of variations, as shown in Equation (2) 
TS: stable stage time, min; yt: first derivative of the fractal dimension at time t, min −1 ; yt,0: linearly fitted value of the first derivative of the fractal dimension at time t, min −1 .
Relationship Between Coagulation and Sedimentation
To control the coagulation process and predict the effects of the coagulation, the relationship between the characteristic parameters of the coagulation and the particle number in settled water was studied based on the division of the coagulation process.
Time Parameters
The duration of each stage of the coagulation process was a direct reflection of the coagulation rate [32] . The relationship between the duration of each stage and the particle number in settled water was studied, as shown in Figure 8 . In the primary stage, the first derivative of the fractal dimension linearly increased with increasing coagulation time (R 2 = 0.9882). The fitted slope, a constant, indicates the ratio of the particle size fractal dimension to coagulation time. This parameter can be described as the rate of change in the particle size distribution with coagulation time during the primary stage and is referred to as "D " fP ". In the growth stage, the first derivative of the fractal dimension linearly decreased with increasing coagulation time (R 2 = 0.9717). The fitted slope also indicates the ratio of the particle size fractal dimension to coagulation time. This parameter can be described as the rate of change in the particle size distribution with coagulation time during the growth stage and is referred to as "−D " fG ". In the stable stage, there was a certain linear relationship between the first derivative of the fractal dimension and the coagulation time (R 2 = 0.7716). However, the curve obviously fluctuated along the fitted line, which means that the flocs were broken and reformed. The residual sum of squares is usually used to describe the relationship between the curve and the fitted line. To evaluate the volatility of the stable stage, the mean residual sum of squares (WR SS ) was used to describe the amplitude of variations, as shown in Equation (2):
T S : stable stage time, min; y t : first derivative of the fractal dimension at time t, min −1 ; y t,0 : linearly fitted value of the first derivative of the fractal dimension at time t, min −1 .
Relationship Between Coagulation and Sedimentation
Time Parameters
The duration of each stage of the coagulation process was a direct reflection of the coagulation rate [32] . The relationship between the duration of each stage and the particle number in settled water was studied, as shown in Figure 8 As shown in Figure 8a , the particle number in settled water increased with increasing time in the primary stage, and the particle number showed a certain linear relation with primary stage time. The linear fitting equations for all measurable flocs and flocs of diameter 2~5 μm are given as (3) and (4), respectively, in Table 2 . As shown in Figure 8b , the particle number in settled water linearly increased with increasing growth stage end time. The corresponding linear fitting equations are given as (5) and (6) in Table 2 . The results indicated that the shorter the primary stage, the better the coagulation effect and the lower the particle number in settled water. The earlier the growth stage ended, the better the coagulation effect. Conversely, the particle number in settled water linearly decreased with increasing stable stage time, shown in Figure 8c , which indicated that the longer the stable stage, the better the coagulation effect. The corresponding linear fitting equations are given as (7) and (8), respectively, in Table 2 . Comparing the three pairs of linear fitting equations, the R 2 value of the linear fitting equation for the number of all measurable flocs was larger than that of microflocs, which means there was a better linear relationship between the number of all measurable flocs and the stage duration.
Particle Size Distribution Parameters
The fitting curves of the particle number in settled water as a function of D " fP, −D " fG, and WRSS are shown in Figure 9 . As Figure 9a shows, the particle number in settled water decreased with increasing D " fP in the primary stage. There was a power function relationship between the particle number in settled water and D " fP, and the corresponding fitting equations for all measurable flocs and flocs of diameter 2~5 μm are given as (9) and (10) , respectively, in Table 3 . The fitting curve of the particle number in settled water as a function of −D " fG in the growth stage is shown in Figure 9b . The particle number in settled water also decreased with increasing −D " fG. The corresponding power function equations are given as (11) and (12) , respectively, in Table 3 . In the stable stage, there was a linear relationship between the particle number in settled water and WRSS, and the corresponding linear fitting equations are given as (13) and (14), respectively, in Table 3 . As shown in Figure 8a , the particle number in settled water increased with increasing time in the primary stage, and the particle number showed a certain linear relation with primary stage time. The linear fitting equations for all measurable flocs and flocs of diameter 2~5 µm are given as (3) and (4), respectively, in Table 2 . As shown in Figure 8b , the particle number in settled water linearly increased with increasing growth stage end time. The corresponding linear fitting equations are given as (5) and (6) in Table 2 . The results indicated that the shorter the primary stage, the better the coagulation effect and the lower the particle number in settled water. The earlier the growth stage ended, the better the coagulation effect. Conversely, the particle number in settled water linearly decreased with increasing stable stage time, shown in Figure 8c , which indicated that the longer the stable stage, the better the coagulation effect. The corresponding linear fitting equations are given as (7) and (8), respectively, in Table 2 . Comparing the three pairs of linear fitting equations, the R 2 value of the linear fitting equation for the number of all measurable flocs was larger than that of microflocs, which means there was a better linear relationship between the number of all measurable flocs and the stage duration.
The fitting curves of the particle number in settled water as a function of D " fP , −D " fG , and WR SS are shown in Figure 9 . As Figure 9a shows, the particle number in settled water decreased with increasing D " fP in the primary stage. There was a power function relationship between the particle number in settled water and D " fP , and the corresponding fitting equations for all measurable flocs and flocs of diameter 2~5 µm are given as (9) and (10), respectively, in Table 3 . The fitting curve of the particle number in settled water as a function of −D " fG in the growth stage is shown in Figure 9b . The particle number in settled water also decreased with increasing −D " fG . The corresponding power function equations are given as (11) and (12) , respectively, in Table 3 . In the stable stage, there was a linear relationship between the particle number in settled water and WR SS , and the corresponding linear fitting equations are given as (13) and (14), respectively, in Table 3 . In the three stages of the coagulation process, the results showed that the R 2 values of the fitting equations were all greater than 0.9, which means there was a good relationship between the particle number in settled water and the particle size distribution parameters. Better still, the fitting equations were also appropriate for microflocs. Meanwhile, the R 2 values of fitting Equations (9)- (14) were all markedly greater than those of fitting Equations (3)- (8) , which indicated that the particle size distribution parameters, D " fP, −D " fG, and WRSS, were more suitable than the time parameters for evaluating the coagulation effect.
Conclusions
A new method for process division based on particle size fractal dimension was put forward. On the basis of the first derivative of the particle size fractal dimension, aided coagulation with hydrated MnO2 at dosages of 0.55~3.85 mg·L −1 could be divided into three stages: a primary stage, growth stage, and stable stage. In the primary stage, most of the microflocs (diameter <5 µ m) aggregated to form small flocs (diameter 5~8 µ m). In the growth stage, most of the small flocs aggregated to form large flocs (diameter 8~600 µ m). In the stable stage, some large flocs broke apart and reformed to generate a more compact structure.
The characteristic parameters in the three stages were proposed and used to indicate the efficacy of coagulation. In the primary and growth stages, the suitable parameters were the rates of change in the particle size distribution (D " fP and −D " fG); the particle number in settled water decreased with increasing D " fP and −D " fG with a power function relationship. Therefore, the efficacy of coagulation can be predicted in advance according to values of D " fP and −D " fG. In the stable stage, the suitable parameter was WRSS, and the particle number in settled water decreased with increasing WRSS. Therefore, the efficacy of coagulation can be improved through floc breakage and reformation under appropriate conditions.
The method used to evaluate the effect of each stage of the hydrated MnO2-aided coagulation process was simple to perform and provided a new approach for the application of particle-counter devices in water treatment. Further, experiments including more influence factors will be done to improve the method, and a continuous flow experiment will be carried out for actual application. In the three stages of the coagulation process, the results showed that the R 2 values of the fitting equations were all greater than 0.9, which means there was a good relationship between the particle number in settled water and the particle size distribution parameters. Better still, the fitting equations were also appropriate for microflocs. Meanwhile, the R 2 values of fitting Equations (9)- (14) were all markedly greater than those of fitting Equations (3)- (8) , which indicated that the particle size distribution parameters, D " fP , −D " fG , and WR SS , were more suitable than the time parameters for evaluating the coagulation effect.
A new method for process division based on particle size fractal dimension was put forward. On the basis of the first derivative of the particle size fractal dimension, aided coagulation with hydrated MnO 2 at dosages of 0.55~3.85 mg·L −1 could be divided into three stages: a primary stage, growth stage, and stable stage. In the primary stage, most of the microflocs (diameter < 5 µm) aggregated to form small flocs (diameter 5~8 µm). In the growth stage, most of the small flocs aggregated to form large flocs (diameter 8~600 µm). In the stable stage, some large flocs broke apart and reformed to generate a more compact structure.
The characteristic parameters in the three stages were proposed and used to indicate the efficacy of coagulation. In the primary and growth stages, the suitable parameters were the rates of change in the particle size distribution (D " fP and −D " fG ); the particle number in settled water decreased with increasing D " fP and −D " fG with a power function relationship. Therefore, the efficacy of coagulation can be predicted in advance according to values of D " fP and −D " fG . In the stable stage, the suitable parameter was WR SS , and the particle number in settled water decreased with increasing WR SS . Therefore, the efficacy of coagulation can be improved through floc breakage and reformation under appropriate conditions.
The method used to evaluate the effect of each stage of the hydrated MnO 2 -aided coagulation process was simple to perform and provided a new approach for the application of particle-counter devices in water treatment. Further, experiments including more influence factors will be done to improve the method, and a continuous flow experiment will be carried out for actual application.
